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ABST R A C T
A  la b o r a to r y  study was m ade  to d e te rm in e  the va r ia t io n  with 
depth and v e lo c i t y  of the h y d rau lic  and sed im en t  tra n s p o r t  c h a r a c t e r is t i c s  
o f  a c o n s ta n t -d is c h a r g e  f low . E ight e x p e r im e n ta l  runs w e r e  p e r fo r m e d  
in a 6 0 - fo o t  lon g ,  33. 5 - in c h  w ide  r e c ir c u la t in g  la b o r a to r y  f lu m e. The 
unit d is c h a rg e  fo r  a ll  runs w as 0 .5 0  c fs  p e r  ft. and the v e lo c i t y  was v a r ie d  
f r o m  0 .91  to 2 .21  fp s ,  c o r re s p o n d in g  to a change in depth f r o m  0 .5 5 0  
to 0 .2 2 8  ft. The bed  sand u sed  fo r  these  e xp er im en ts  had a g e o m e tr ic  
m ean  s ie v e  d ia m e te r  o f  0 .1 4 2  m m  and a g e o m e t r ic  standard deviation  
o f  1.38.
A s  the v e lo c i t y  w as in c r e a s e d ,  the bed  f o r m  changed  f r o m  a 
d u n e -c o v e r e d  con fig u ra t io n  to a flat bed , with sand w aves  o c c u r r in g  
at in te rm e d ia te  v e lo c i t i e s .  It w as found that fo r  the unit d is ch a rg e  and 
bed sand u sed  in  this in vest iga tion ,  two d if fe re n t  v e lo c i t ie s  and sed im en t  
t ra n sp o r t  rates  a r e  p o s s ib le  fo r  a g iven  s lo p e ,  or  a g iven  bed  shear  
v e lo c i ty ;  h o w e v e r ,  this m u lt ip l ic ity  is p o s s ib le  only in the range  of 
s lop e  and shear  v e lo c i t y  w h e re  m a jo r  changes in  the bed  con figu ra t ion  
o c c u r  s in ce  it is a r e su lt  o f  la rg e  v a r ia t ion s  in the bed  rou gh n ess .  T h e r e ­
f o r e  the s lo p e  or  sh ear  v e lo c i t y  cannot lo g ic a l ly  be u sed  as an independent 
v a r ia b le  s in ce  neither  o f  these  quantities uniquely  d e te rm in e s  the v e lo c i t y  
or  tra n s p o r t  ra te . H o w e v e r ,  if  the v e lo c i t y  is used  as the independent 
v a r ia b le  fo r  a c o n s ta n t -d i s ch a rg e  f low , the s lo p e ,  sh ear  v e lo c i t y ,  and 
f r i c t io n  fa c to r  a r e  a ll uniquely d e term in ed . The sed im en t  t ra n sp o r t  rate 
was found to be a s in g le -v a lu e d ,  u n i fo rm ly  in c r e a s in g  function  of v e lo c i ty ,  
and it can  t h e r e fo r e  be u sed  in p la ce  o f  the v e lo c i t y  as the independent 
v a r ia b le .
A  c o m p a r is o n  of data f r o m  this in v est iga tion  with data f r o m  
p re v io u s  in vest iga tion s  w h ich  used  the sa m e  sand show ed that even  a 
s m a ll  d e c r e a s e  in the am ount o f  fine m a te r ia l  in the bed  sand can have a 
s ign if ican t  e f fe c t  on the t ra n sp o r t  rate . H o w e v e r ,  even r e la t iv e ly  la rg e  
changes  in the standard  d ev ia tion  of the bed  m a te r ia l  have a s m a ll  e f fe c t  
on the f r i c t io n  fa c to r .
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C H A P T E R  I
IN T R O D U C TIO N , A P P A R A T U S  AND P R O C E D U R E ,
AN D SAND CH A R A C TE R IST IC S
1-1 .  B a ck g round and O b je c t iv e s  o f  this R e s e a r c h
A s  sug g es ted  by the t it le ,  this r e p o r t  p re se n ts  the re su lts  o f  a 
g roup o f  e x p e r im e n ts  p e r fo r m e d  to extend s o m e  p re v io u s  r e s e a r c h  (1 ,2 )  
w h ich  w as  c a r r i e d  out at C a l i fo rn ia  Institute of T e ch n o Io gy. The s i g ­
n i f ica n ce  o f  th ese  e x p e r im e n ts  can  be b e s t  u n d ers tood  in the light o f  the 
p r e v io u s  in v est iga t ion s .  In 1955 B r o o k s  (I )  r e p o r te d  a la b o r a to r y  study 
o f  the m e ch a n ics  o f  open channel f low  o v e r  a sand bed . T h e se  e x p e r i ­
m ents w e r e  con d u cted  in the 4 0 - f o o t  long , 10. 5 - in c h  w id e  re c ir c u la t in g  
f lu m e w h ich  w as  lo c a te d  in the S ed im en tat ion  L a b o r a t o r y  at C a ltech .
The re su lts  o f  this in v est iga t ion  led  h im  to qu est ion  s o m e  w id e ly  held  
co n ce p ts  about the re la t io n  betw een  the sed im en t  tra n s p o r t  ra te ,  depth 
and v e lo c i t y  o f  f low , and s lo p e  o f  a lluv ia l chann els .  B r o o k s '  p r in c ip a l  
c o n c lu s io n s  w i l l  be s u m m a r iz e d  in C hapter 3 in  con n ect ion  w ith  the d i s ­
c u s s io n  o f  r e su lts  o f  the p r e s e n t  e x p e r im e n ts .
The d is c u s s io n  o f  B r o o k s '  pap er  (I )  w a s ,  fo r  the m o s t  p art ,  
quite v ig o r o u s ly  sk e p t ica l .  It w as  m a in ly  d ir e c te d  tow a rd  question ing  
the va lid ity  o f  his e x p e r im e n ts ,  disputing his in te rp re ta t io n  o f  la b o r a to r y  
and f ie ld  data, and trying to exp la in  his c o n c lu s io n s  in t e r m s  o f  existing 
th e o r ie s .  I n h i s  c lo s in g  d is c u s s io n  ( I) ,B rook s  p r e s e n te d  the resu lts  o f  
a new, la r g e r  group  o f  e x p e r im e n ts ,  s o m e  o f  w h ich  w e r e  d es ig n ed  to 
an sw er  s p e c i f i c  o b je c t io n s  r a is e d  by the d i s c u s s e r s .  The new in v e s t ig a ­
tion c o v e r e d  a w id e r  range  o f  v e lo c i t y  at two d if fe re n t  constant depths 
and u sed  th ree  sands w ith s iz e  d istr ibu tion s  d i f fe re n t  f r o m  the two sands 
he o r i g in a lly  used . T h e se  runs w e r e  con d u cted  in the 6 0 - fo o t  Iong flum e 
w h ich  w as u sed  fo r  the p r e s e n t  invest iga tion .  The re su lts  o f  the new 
e x p e r im e n ts  w e r e  in c o m p le te  a g re e m e n t  w ith B r o o k s '  o r ig in a l  c o n c lu s io n s  
w ith  the exce p t io n  o f  th ose  re g a rd in g  the v a r ia t io n  o f  sed im en t  tra n s p o r t  
ra te ,  s lo p e ,  and f r i c t io n  fa c to r  w ith  v e lo c i t y  fo r  a constant d is c h a rg e .  
T h e se  w e r e  neither  p r o v e d  nor d is p r o v e d  b e c a u s e  o f  the m an n er  in w h ich  
the runs w e r e  sch edu led ;  the depth w as f ix e d  fo r  each  s e r ie s  o f  runs and 
the d is c h a rg e  w as v a r ie d .
I
2In I957, V anoni and B r o o k s  (2) pub lished  a r e p o r t  w h ich  inc luded  
the re su lts  r e p o r te d  in B r o o k s '  c lo s in g  d is c u s s io n  along w ith the resu lts  
o f  s o m e  e x p e r im e n ts  on the e f fe c t  o f  t e m p e ra tu re  on sed im en t  tra n s p o r t  
ra te ,  and the e f fe c t  o f  suspended  load  on f r i c t io n  fa c to r .  The p re se n t  
r e p o r t  is intended as a supplem ent to the Vanoni and B r o o k s  re p o r t .
The e x p e r im e n ts  r e p o r te d  in B r o o k s '  c lo s in g  d is c u s s io n  and la ter  
by V anoni and B r o o k s  in c luded  two s y s te m a t ic  sets  o f  runs, each  w ith  a 
n e a r ly  constant depth. The re su lts  o f  these  exp e r im e n ts  w e r e  u sed  to 
evaluate B r o o k s '  qua lita tive  co n c lu s io n s  rega rd in g  the v a r ia t io n  o f  
sed im en t  d is c h a r g e ,  s lo p e ,  and f r i c t io n  fa c to r  w ith  v e lo c i t y  fo r  constant 
depths, and w ith  depth f o r  constant v e lo c i t i e s .  A s m en tion ed  ab o v e ,  no 
s y s te m a t ic  data w e r e  obtained  fo r  the c a s e  in w h ich  the d is c h a rg e  is held  
constant and the depth is v a r ie d ;  the o b je c t iv e  o f  the p r e s e n t  exp e r im e n ts  
w as to v e r i f y  B r o o k s '  c o n c lu s io n s  fo r  this c a s e .  The m a in  point to be 
r e s o lv e d  w as w hether  two d if fe re n t  depths o f  f low  a r e  p o s s ib le  fo r  a g iven  
d is c h a rg e  and s lo p e .  This qu est ion  w as the su b je c t  o f  c o n s id e r a b le  c o n ­
t r o v e r s y  in the d is c u s s io n  o f  B r o o k s '  pap er  and w as not se tt led  by the 
la ter  e x p e r im e n ts  ( I ,  p. 582 and p. 594). In the p r e s e n t  inqu iry , eight 
runs w e r e  con d u cted  in the 6 0 - fo o t  f lu m e at a constant unit d is ch a rg e  of 
0. 50 c fs  p e r  ft. The re su lts  of th ese  e x p e r im e n ts  a re  p r e se n te d  in 
C hapter  2 and a d is c u s s io n  o f  the re su lts  is g iv en  in C hapter 3.
1 -2 . A pparatus  and P r o c e d u r e
Only a s u m m a ry  d e s c r ip t io n  o f  the apparatus and p r o c e d u r e  w i l l  
be p r e s e n te d  h e r e .  C o m p le te  deta ils  and thorough d is c u s s io n s  of the 
apparatus , the techn iques  u sed  in m e a su r in g  the va r io u s  quantities ,  and 
the p r o c e d u r e  u sed  in red u cin g  the data have been  g iven  by B r o o k s  ( I) 
in his  or ig in a l  p ap er  on this to p ic ,  and by V anoni and B r o o k s  (2).
The e x p e r im e n ts  w e r e  p e r fo r m e d  in the 33. 5 - in ch  w id e ,  6 0 - fo o t  
long f lu m e  shown s c h e m a t ic a l ly  in F ig u r e  1 -1 . The flow  c i r c u i t  o f  the 
f lum e is c l o s e d  so  the w a te r  and sed im en t  a re  con tin u ou s ly  r e c i r c u la t e d  
and the m ean  depth o f  f low  in the open channel is c o n t r o l le d  by the am ount 
o f  w a te r  in the s y s te m . The en tire  f lu m e is m ounted  on a tru ss  w h ich  is 
p ivoted  near one end and sup ported  by a ja c k  at the other end so  the 
f lu m e s lop e  can  be set  at any d e s ir e d  va lue and e a s i ly  ad justed  during
3(a) E levation
(b) C r o s s  se ct io n  of flum e
F ig .  1 -1 . S ch em a tic  d ia gra m  of the 6 0 - foot  f lum e.
4the c o u r s e  o f  a run. The in stru m en t c a r r ia g e  is  m ounted  on ra i ls  and 
can  be m o v e d  along the le n gth of the f lu m e. A  point gauge m ounted  on 
the c a r r ia g e  w as  u sed  to m e a s u r e  the e leva tion s  o f  the w a te r  s u r fa ce  
and sand bed  re la t iv e  to the c a r r ia g e  r a i l s .  W a ter  s u r fa c e  e levation s  
w e r e  m e a s u r e d  during the run at f o u r - f o o t  in terva ls  along the f lum e, 
and bed  e leva tion s  w e r e  m e a s u r e d  a fter  the pum p had been  s topped  and 
the bed  le v e le d  in f o u r - f o o t  re a ch e s  w ith  a s p e c ia l  s c r a p e r .  The d i s ­
ch a rg e  w as m e a s u r e d  w ith  the venturi m e te r  lo c a te d  in the re tu rn  pipe.
T o  d e te rm in e  the total sed im en t  t ra n s p o r t  ra te ,  tw elve  o r  m o r e  sam p les  
o f  one l i te r  each  w e r e  s iphoned  through s p e c ia l  s a m p le r s  f r o m  the 
v e r t i c a l  s e c t io n  o f  p ipe above  the pum p. The individual o n e - l i t e r  sa m p les  
w e r e  then p a s s e d  through f i l te r  p a p e r ,  and the sed im en t  re ta in ed  w as 
d r ie d  and w e igh ed . A  s ie v e  an a lys is  w as  p e r fo r m e d  on the c o m p o s it e  
o f  a l l  sa m p le s  fo r  each  run w ith  a f o u r t h - r o o t - o f - t w o  set o f  h a lf -dep th  
T y le r  la b o r a to r y  s ie v e s  w h ich  w e r e  shaken fo r  f i fteen  m inutes on a 
T y le r  R otap  M ach ine .
F o r  Run 3 -5  and subsequent runs a h ea ter  w as p r o v id e d  to c o n tr o l  
the te m p e ra tu re  o f  the w a te r .  The w a ter  te m p e ra tu re  fo r  th ese  runs w as 
m ainta ined  at a p p r o x im a te ly  25 °C .
A  s id e -w a l l  c o r r e c t i o n  p r o c e d u r e  w as app lied  to the m e a s u r e d  
and com p u ted  h y d ra u lic  data to d e te rm in e  the f r i c t io n  fa c to r ,  shear  
v e lo c i t y ,  and h y d ra u lic  rad ius o f  the sand bed  s e c t io n .  Th is  p r o c e d u r e  
su p p o se d ly  c o r r e c t s  fo r  the e f fe c ts  of the sm ooth  s id e -w a l ls  on these 
quantities . V anoni and B r o o k s  (2) have p re se n te d  a d eta iled  d er iva t ion  
o f  the s id e -w a l l  c o r r e c t i o n  p r o c e d u r e  u sed  h e r e  and the data n e c e s s a r y  
to p e r f o r m  the com pu ta tion s .
1 -3 . Sand C h a r a c te r is t i c s
The sand used  in this in v est iga tion  w as  the sand des ign ated  as 
Sand 4 by V anoni and B r o o k s  (2) and used  in their  invest iga tion .  The 
s ie v e  an a lys is  they r e p o r te d  w as  p e r fo r m e d  on a sa m p le  of bed  m a te r ia l  
w h ich  w as taken about m id w ay  through their  f i fte e n  runs w ith  this sand. 
B etw een  the t im e  their  e x p e r im e n ts  w e r e  c o m p le te d  and the p r e se n t  
in v est iga tion  w as s ta rted  the sand re m a in e d  in the f lu m e ,  but w a s  not
5used  fo r  any e x p e r im e n ts .  A fte r  the c o m p le t io n  o f  the p re se n t  e x p e r i ­
m ents a sa m p le  o f  bed  m a te r ia l  w as r e m o v e d  f r o m  the flum e and s ie v e  
an a lyzed  as d e s c r ib e d  in S e c t io n  1-2 . The resu lts  o f  the s ie v e  an a lys is  
r e p o r te d  by V anoni and B ro o k s  and the s ie v e  a n a lys is  p e r fo r m e d  fo r  
this in v est iga t ion  a re  s u m m a r iz e d  in T ab le  1-1 and shown p lotted  on 
lo g a r i th m ic -p r o b a b i l i t y  p ap er  in F ig u r e  1-2.
F ig u r e  1-2 show s that there  w as v e r y  litt le  in c r e a s e  in the
g e o m e t r ic  m ean  s ie v e  d ia m e te r ,  D , and no change in the g e o m e t r ic
g
standard  dev iation , σ  , o f  the s iz e  d istr ibu tion . H o w e v e r ,  in T able  1-1
g
it is  seen  that th ere  w as a s ign if ican t  d e c r e a s e  in the am ount o f  fine 
m a te r ia l  in the bed  sand. F o r  exa m p le ,  at the c o n c lu s io n  o f  the p re se n t  
e x p e r im e n ts  th ere  w as on ly  about 0. 76 t im es  as m uch  m a te r ia l  f in er  
than the 17 0 -m e s h  s ie v e  as during the e xp er im en ts  by Vanoni and B r o o k s ,  
and fo r  the s m a l le r  s ie v e  s iz e s  the l o s s e s  w e r e  even  g r e a te r .  M o s t  of 
the lo s s  p r o b a b ly  o c c u r r e d  w hen the f lu m e was p e r io d i c a l ly  dra ined  to be 
r e f i l l e d  with c le a n  w a te r .  This c o a r se n in g  o f  the bed  m a te r ia l  w il l  be 
invoked  in C hapter 3 to exp la in  a d is c r e p a n c y  in the tra n s p o r t  rate  betw een  
the re su lts  o f  the p r e s e n t  e x p e r im e n ts  and those  of V anoni and B r o o k s .
6T a b le  1-1
S u m m a ry  of Data f r o m  S ieve  A n a ly se s  
by  V anoni and B r o o k s  (2) and K ennedy
A n a ly s is  by V anoni and B ro o k s K ennedy
Date Sept. , 1956 June, 1958
G e o m  M ean  D iam . D = 0 .1 3 7  m m
g
D = 0 .  142 m m
g
G e o m  Std. D eviation σ = 1 . 3 8  
g
σ = I. 38 
g
M esh  
( T y le r )  
P e r  Inch
S ieve
Opening P e r c e n t  F in e r by W eight
m m
42 0. 351 99. 84 - -
48 0. 295 99. 10 - -
60 0. 246 96. 39 95. 36
65 0. 208 89. 00 88. 20
80 0. 175 79. 39 76. 75
100 0. 147 57. 47 52. 30
115 0. 124 40. 15 33. 30
150 0. 104 17. 74 14. 36
170 0. 088 10. 76 8. 18
200 0. 074 4. 44 2. 52
250 0. 061 2. 22 I. 45
270 0. 053 I. 56 0. 43
325 0. 043 - - 0. 10
400 0. 038 - - 0. 04
7F ig .  1-2. S ieve  an a lyses  by V anoni and B ro o k s  (2) and K ennedy o f  the 
sand used  in the p r e se n t  investigation .
C H A P T E R  2
E X P E R IM E N T A L  RESU LTS
2 - I . S u m m a ry  of E x p e r im e n ta l  R esu lts
E ight runs w e r e  con d u cted  w ith  a unit d is c h a rg e  o f  0. 50 c fs  p er  
ft at depths ranging f r o m  0. 228 to 0. 550 ft. In each  run s u ff ic ie n t  t im e 
w as a l lo w e d  fo r  the flow  to r e a ch  e q u il ib r iu m  with its sand bed  and 
u n ifo rm  flow  w as es ta b lish e d  b e fo r e  the r e p o r te d  data w e r e  c o l le c te d .
The p r in c ip a l  m e a s u r e d  and com pu ted  quantities f r o m  the 
la b o r a to r y  e x p e r im e n ts  a re  s u m m a r iz e d  in T a b le  2 -1 .  The runs a re  
tabulated in o r d e r  of d e c re a s in g  depth and in cre a s in g  v e lo c i ty .  The 
table is s e l f - e x p la n a to r y  excep t  fo r  the quantity fb / f 'b , Ibe f r ic t io n
fa c to r  ra t io .  In this quantity f'b is the f r i c t io n  fa c to r  p r e d ic te d  by the
M ood y  p ip e - f r i c t i o n  d ia g ra m  using the g e o m e t r ic  m ean  s ie v e  d ia m e te r ,
D , as the equivalent sand ro u g h n e ss ,  and 4 r b> w h e re  r b is the bed
h y d rau lic  ra d iu s ,  in p la ce  o f  the p ipe d ia m eter  fo r  the c h a r a c t e r is t i c  
length. Thus f b is f r i c t io n  fa c to r  p r e d ic te d  by the M ood y  d ia gra m  fo r
flow  o f  c le a r  w ater  o v e r  a s ta tion ary  flat  sand bed. The f r i c t io n  fa c to r
ra t io ,  f, / f ’ is a m e a s u r e  of the e f fe c t  o f  dunes or  other bed  fea tu res  b b
on the f r i c t io n  fa c to r  o f  the flow  and s e r v e s  as a p art ia l  quantitative 
d e s c r ip t io n  o f  the bed con figu ra t ion ; it should be a p p ro x im a te ly  unity fo r  
flow  o v e r  a flat bed. The use  of the f r i c t io n  fa c to r  ra t io  in  analyzing the 
rou gh n ess  o f  a lluv ia l channels  w as f i r s t  su gg ested  by V anoni and B ro o k s  
(2). D eta iled  d is c u s s io n s  of the f r i c t io n  fa c to r  ra t io  and its s ig n if ica n ce  
have been  p r e se n te d  by K ennedy (3) and T a y lo r  and B r o o k s  (4).
The va r io u s  bed  con figu ra t ion s  (C o lu m n  18) w i l l  be d e s c r ib e d  in 
S e c t io n  2 o f  this chapter .
The data fo r  Run 3 -5 ,  the run with a long , flat sand w a v e ,  a re  
m uch  le s s  a c c u ra te  than the data fo r  the other runs. In this run there  
w e r e  no re a c h e s  o f  s t r i c t ly  u n ifo rm  flow  and the data fo r  the dune and 
flat s e c t io n s  a re  a v e ra g e s  o v e r  the re a ch e s  in w h ich  the f low  w as the m o s t  
n e a r ly  u n ifo rm ; these  re a ch e s  w e r e  only about twenty fe e t  long . In such
8
T A B L E  2-1
SU M M A R Y  O F  H Y D R A U L IC  AN D  S E D IM E N T  T R A N S P O R T  D A T A  F R O M  L A B O R A T O R Y  E X P E R IM E N T S
Sand C h a r a c t e r is t ic s :  D = 0. 142 m m  σg = 1. 38 
g g
*  Dune s e c t io n  o f  flow  w ith  a lon g  sand w av e
*  F la t  s e c t io n  o f  flow  w ith  a long sand w av e  
S . W . Sand w av e  d e v e lo p e d  on  bed.
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sh ort  r e a c h e s  the depth, sed im en t  co n ce n tra t io n ,  and p a r t icu la r ly  the 
s lop e  w e r e  d if f icu lt  to d e te rm in e .
N o e x p e r im e n ts  w e r e  c a r r i e d  out at v e lo c i t ie s  g r e a te r  than about 
2. 2 fps b e ca u s e  o f  the la r g e  sta tion ary  s u r fa c e  w aves  w h ich  o c c u r r e d  at 
h igh er  F ro u d e  n u m bers . It w ou ld  have been  d e s ir a b le  to obtain one or  
two m o r e  runs at h igher  v e lo c i t ie s  in the flat bed  r e g im e  but this w as 
im p o s s ib le  at the s e le c te d  d is c h a rg e  (q = 0. 50 c fs  p e r  ft). A  la r g e r  
va lue o f  q w ou ld  have p e rm it te d  runs to be c a r r i e d  out at v e lo c i t ie s  
w h ich  a re  in the flat bed r e g im e ,  but fo r  w h ich  the F ro u d e  n u m bers  a re  
s m a ll  enough to p r e c lu d e  the o c c u r r e n c e  o f  s u r fa c e  w a v e s .  H o w e v e r ,  a 
la r g e r  q w ou ld  have a ls o  re su lte d  in la r g e r  depths, and thus la r g e r  
depth-w idth  ra t ios  w h ich  a re  u n d es irab le  b e ca u s e  o f  the e f fe c ts  of the 
s id e -w a l l s .  At the lo w e r  v e l o c i t i e s ,  a l a r g e r  q w ou ld  have g iven  depth- 
width ra t ios  g r e a te r  than 0. 2 w h ich  w as judged  too la r g e .  A lthough the 
e f fe c ts  o f  the s id e -w a l ls  on the f r i c t io n  fa c to r  can  su p p osed ly  be c o r r e c t e d  
f o r ,  th ere  is no known m eth od  to d e te rm in e  the ir  e f fe c t  on the sed im en t  
t ra n sp o r t  c h a r a c t e r i s t i c s  o f  the f low .
F o r  conven ient r e fe r e n c e ,  the data f r o m  other in vest iga tion s  that 
used  this sand are  s u m m a r iz e d  in the A ppendix . The resu lts  of Vanoni 
and B r o o k s '  e x p e r im e n ts  in the 6 0 - fo o t  f lum e (2 , p. 36) a re  s u m m a r iz e d  
in T ab le  A - I , and the data f r o m  N o m i c o s ' v a r ia b le -te m p e r a tu r e  e x p e r i ­
m ents in the 4 0 - fo o t  f lum e (2 , p. 37) a re  g iven  in T a b le  A - 2 .
F ig u r e  2-1 show s g r a p h ic a l ly  the ranges  of depth and unit d is ch a rg e
w hich  have been  c o v e r e d  by the ex p er im en ts  of Vanoni and B r o o k s  (2) and
the e x p e r im e n ts  o f  this invest iga tion .  A l l  o f  the data shown a re  fo r  the
4
sa m e  sand and the 6 0 - fo o t  f lu m e. The s lo p e  t im es  10 and the bed
2f r i c t io n  fa c to r  t im es  10 a r e  noted  by each  point. The runs of V anoni and 
B r o o k s  fa il  about two lines  o f  constant depth, w h ile  the runs of this in ­
v e s t ig a t io n  p lot  along a v e r t i c a l  l ine  o f  constant d is c h a rg e .  This i l lu s tra tes  
the d i f fe r e n c e  in the w ay  the runs o f  the two in vest iga tion s  w e r e  sch edu led .
2 - 2 . Sand B ed  C on fig u ra t ion s :  D unes, Sand W a v e s ,  and F la t  B ed
Only a b r ie f  d is c u s s io n  o f  the va r io u s  sand bed  con figu ra t ion s  and 
their  o c c u r r e n c e  w i l l  be p re se n te d .  T h orou gh go in g  d e s c r ip t io n s  and 
d is c u s s io n s  o f  the three  bed  con figu ra t ion s  c o n s id e r e d  h e r e  have been
F ig .  2 -1 .  G ra p h ica l  s u m m a ry  o f  exp er im en ts  by Vanoni and B rook s  (2) and K ennedy in the 6 0 - fo o t  
long f lum e. Sand c h a r a c te r is t ic s :  D = 0. 14 m m ; σ  = I. 38.
g g
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g iven  by Vanoni and B r o o k s  (2) and B ro o k s  ( I ) .  T rea tm en ts  of the bed 
f o r m s  o f  a lluv ia l channels  have a ls o  been  p re se n te d  by G a rd e  and 
A lb e r t s o n  (5) and S im ons  and R ic h a r d s o n  (6 , 7). The t e r m in o lo g y  used  
h e r e  is the sa m e  as u sed  by V anon i and B r o o k s  (2).
If the flow  v e lo c i t y  is g re a t  enough to m o v e  individual sand g ra in s ,  
but l e s s  than another l im itin g  va lue w h ich  w il l  be d is c u s s e d  p r e se n t ly ,  
i r r e g u la r  fea tu res  f o r m  on the bed. T h ese  fea tu res  a r e  la r g e ,  h ap h a zard ­
ly  lo ca te d ,  s h o r t - c r e s t e d ,  and m o v e  s lo w ly  d ow n strea m . B ed  fea tu res  
o f  this type a re  c a l le d  dunes. The dune pattern  o f  Run 3 -2  shown in 
F ig u r e  2 -2  i l lu s tra te s  fu lly  d ev e lo p e d  dunes o f  the type w h ich  o c c u r r e d  
in th ese  e x p e r im e n ts .
A s  the v e lo c i t y  is in c r e a s e d ,  a value w i l l  be r e a ch e d  above  w h ich  
dunes no lo n g e r  o c c u r  o v e r  the fu ll length o f  the f lu m e .  O v e r  one rea ch  
o f  the f lu m e the bed  is f lat  w h ile  the r e s t  of the bed  is d u n e -c o v e r e d .  In 
the re a c h  o f  flat  bed  the depth of f low  is s m a l le r ,  and the v e lo c i ty ,  
sed im en t  t r a n s p o r t  ra te ,  and sand bed  e leva tion  a r e  g r e a te r  than in the 
dune s e c t io n .  The re a c h  o f  flat bed  is c a l le d  a sand w ave . In these  
e x p e r im e n ts  sand w aves  o c c u r r e d  at v e lo c i t ie s  betw een  about I. 45 and
2. I fps .  A  typ ica l  sand w ave  fron t  w h e re  the bed  con figu ra t ion  changes 
f r o m  flat  to dunes in the d o w n stre a m  d ir e c t io n  is shown in F ig u r e  2 -3 .
The tra n s it io n  f r o m  dunes to flat bed  at the u p s tre a m  end of the sand 
w ave  is l e s s  w e l l -d e f in e d  than the tran s it ion  f r o m  flat bed  to dunes and 
o c c u r s  o v e r  a d istan ce  o f  s e v e r a l  feet.  In this t ra n s it ion  the dunes b e ­
c o m e  p r o g r e s s i v e l y  le s s  rugged  in the d o w n stre a m  d ir e c t io n  as the sand 
bed  th ickens and the f low  v e lo c i t y  in c r e a s e s .  The flow  is  not s t r ic t ly  
u n ifo rm  o v e r  e ither  the flat or  the dune se ct io n .  The en tire  sand w ave  
m o v e s  d o w n stre a m  at a s m a ll ,  n e a r ly  constant v e lo c i ty .  W hen  the 
sand w a ve  re a c h e s  the d o w n stre a m  end o f  the f lu m e ,  it r e c i r c u la t e s  
through the pump w e l l  and re tu rn  p ip e ,  re a p p e a rs  at the u p s tre a m  end 
of the f lu m e ,  and rep eats  its jo u r n e y  around  the c l o s e d  c ir c u it .  The 
length of the sand w ave  fo r  a g iven  sand s iz e  ap p aren tly  depends on the 
o v e r a l l  a v e ra g e  depth and v e lo c i t y  in the f lu m e ,  and p o s s ib ly  the t e m p e r ­
ature. F o r  a g iv en  am ount o f  w a ter  in the f lu m e ,  (i. e. , a g iven  m ean  
flow  depth o v e r  the f lu m e length) the length o f  the sand w ave  in c r e a s e s  
w ith in c r e a s in g  v e lo c i t y .  In Run 3 -5  the sand w ave  length v a r ie d  f r o m
13
F lo w  d ir e c t io n  ------------------ ►-
U = 1. 35 f p s , d = 0 .3 7 3  ft, f  = 0 .1 0 2 ,  C = I. 42 g r /1
F ig .  2 - 2 .  Dune con figu ra t ion  o f  Run 3 -2 .  The full 33. 5- 
inch  width of the flum e is shown.
F lo w  d ir e c t io n  -------------------
F ig .  2 -3 .  T y p ica l  sand w ave  fron t  (Vanoni and B r o o k s '  
Run 2 -16 ) .  The full 33. 5 - in ch  width of f lum e is shown.
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about ten to f i fteen  fee t  at d i f fe re n t  t im es  in a ran d om  m anner. In s o m e  
p r e l im in a r y  runs (not r e p o r te d  h ere )  two or  m o r e  w e l l -d e f in e d  and 
apparently  independent sand w aves  o c c u r r e d  s im u lta n eou s ly  in the f lum e.
The m e c h a n is m  in vo lved  in fo rm a t io n  and sustenance  sand w aves  
is not w e l l  u n d ers tood  and they m a y  be a resu lt  o f  the c lo s e d  c i r c u i t  
a rra n g e m e n t  of the f lu m e. No co n c lu s io n s  a re  p o s s ib le  on this point 
w ith the k now ledge  at hand.
The th ird  p r in c ip a l  bed  con figu ra t ion  o b s e r v e d  w as  the flat bed. 
This con figu ra t ion  o c c u r r e d  at v e lo c i t ie s  g r e a te r  than about 2. I fps fo r  
the sand and unit d is ch a rg e  u sed  in these  e x p e r im e n ts .  The flat bed  
con figu ra t ion  o f  Run 3 -6  is shown in F ig u r e  2 -4 .  The r ip p les  near the 
w a lls  a re  the re su lt  o f  the l o c a l ly  red u ced  v e lo c i ty  in this v ic in ity .  F o r  
this con figu ra t ion  the bed  is indeed  v e r y  n e a r ly  flat. The va r ia t io n  in 
bed  e leva tion  re la t iv e  to the c a r r ia g e  r a i ls  o v e r  the entire  f lum e w as 
usually  le s s  than a few  thousandths o f  a foot.
A t  the unit d is ch a rg e  u sed  in these  e x p e r im e n ts ,  q = 0. 50 c fs  
p er  ft, s ta tion ary  g rav ity  w aves  f o r m e d  at v e lo c i t ie s  g re a te r  than about 
2. 25 fp s ,  w h ich  c o r r e s p o n d s  to a F ro u d e  num ber o f  0. 84. At this
F lo w  d ir e c t io n  --------------->_
U = 2. 15 fps , d = 0. 233 ft, fb = 0. 024, C = I. 41 g r /1
F ig .  2 -4 .  F la t  bed  con figu ra t ion  o f  Run 3 -6 .  The full 
33. 5 - in ch  width o f  the f lum e is shown.
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v e lo c i t y  the coup ling  betw een  the bed  and w ater  s u r fa c e  w as  su ff ic ien t ly  
strong  to p r o d u ce  s m a ll  antidunes. At v e lo c i t ie s  g r e a te r  than about 
2. 4 fps la r g e  antidunes and break ing  s ta tion ary  w aves  o c c u r r e d .  The 
c h a r a c t e r i s t i c s  o f  antidunes and sta tion ary  w a v es  and their  e f fe c ts  on 
the f r i c t io n  fa c to r  and sed im en t  t ra n sp o r t  rate  have been  d e s c r ib e d  by 
K ennedy (3).
CHAPTER  3
DISCUSSION OF RESU LTS
3 -1 .  S tatem ent o f  B r o o k s '  C o n c lu s io n s
M uch o f  the d is c u s s io n  o f  the p r e se n t  ex p er im en ts  w i l l  be in 
light o f  B r o o k s '  p re v io u s  findings about the m e ch a n ics  of a lluv ia l 
s t r e a m s .  F o r  the co n v e n ie n ce  of the r e a d e r ,  B r o o k s '  p r in c ip a l  c o n ­
c lu s ion s  w i l l  be s u m m a r iz e d  h e r e  as fo l lo w s :
1. In the la b o r a to r y  f lu m es  it w as found that neither  the 
v e lo c i ty  nor the se d im e n t  t ra n sp o r t  rate cou ld  be e x ­
p r e s s e d  as a s in g le -v a lu e d  function  o f  the bed  shear  
s t r e s s ,  o r  any com b in a t ion  o f  depth and s lo p e ,  o r  bed 
h y d rau lic  rad ius and s lo p e .  This co n tra d ic ts  a s s u m p ­
tions w h ich  have c o m m o n ly  been  held  fo r  s o m e  y e a rs  
to the e f fe c t  that know ledge  o f  the s lo p e ,  channel 
g e o m e t r y ,  and bed  m a te r ia l  of a s tr e a m  w e r e  su ff ic ien t  
to p r e d e te r m in e  its f low  and sed im en t  tran sportin g  
c h a r a c t e r i s t i c s .
2. The ca u se  of the nonuniqueness c ite d  in C o n c lu s io n  ( I) ,  
abov e ,  is the e x tr e m e  va r ia t io n  in channel rough ness  
ca u se d  by the v a r ia b le  nature of the bed  con figu ra t ion .
In g e n e ra l ,  the f low s  at low  v e lo c i t ie s  w e r e  a c co m p a n ie d  
by high, rugged  dunes, w h ile  those  at high v e lo c i t y  w e r e  
a s s o c ia te d  w ith flat bed s ,  with sand w ave  phenom ena 
o c c u r r in g  at in te rm e d ia te  v e lo c i t ie s .
3. On the b a s is  o f  e x p e r im e n ts  to date, it ap p ears  that the 
depth and v e lo c i t y  m a y  lo g ic a l ly  be used  as independent 
v a r ia b le s  along w ith  the g ra in  s iz e  of the bed  m a te r ia l .  
Knowing these  quantities , it is found fo r  the f lu m e s  that 
the s lo p e ,  bed  sh e a r ,  f r i c t io n  fa c to r ,  and sed im en t  d i s ­
ch a rg e  a re  a ll uniquely d e term in ed . It w as a lso  found 
p o s s ib le  to c o n s id e r  the w a ter  and sed im en t  d is c h a rg e s  as 
independent v a r ia b le s ,  and f r o m  these  to d e te rm in e  the 
depth, v e lo c i t y ,  f r i c t io n  fa c to r ,  and s lop e .
4. A n  exam in ation  o f  the re su lts  of these  e x p e r im e n ts  y ie ld ed  
the fo l low in g  qualita tive  re la t ion sh ip s :
a. F o r  constant d is c h a r g e ,  q, an in c r e a s e  in the 
se d im e n t  d is c h a r g e ,  q , r e q u ir e s  a d e c r e a s e  
in the depth, d.
b. F o r  a g iv en  s lo p e  and d is c h a r g e ,  two depths o f
f low  a r e  p o s s ib le .  W hen q is low , the bed  iss
c o v e r e d  w ith  dunes, d is la r g e ,  and the v e lo c i t y ,
U, is sm a ll .  W hen q^ is high, the bed  is flat,
d is s m a l l ,  and U is la rg e .
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c .  If  q is to be in c r e a s e d  without changing q g , then
an in c r e a s e  in d is n e c e s s a r y ,  although this in ­
c r e a s e  is r e la t iv e ly  le s s  than in q.
d. F o r  a g iven  q, the la r g e s t  va lues  o f  the bed  f r ic t io n
fa c to r ,  f. , a r e  a s s o c ia t e d  with the lo w e s t  va lues  o f  q .b s
e. W hen U is in c r e a s e d  with d constant, fb
g e n e ra l ly  d e c r e a s e s ,  the s lo p e ,  S, and bed 
sh ear  v e lo c i t y ,  m a y  e ither  in c r e a s e  or
d_ecrease, and the se d im e n t  d is c h a r g e co n ce n tra t io n ,
C , in c r e a s e s  until the sand w ave stage  is rea ch ed .
f. W hen d is in c r e a s e d  with U constant, f, and_ · b
C both d e c r e a s e .
g. * The bed  shear  v e lo c i t y ,  U 0<b> changes  le s s  than
any other  quantity. It m a y  be e x p e c te d ,  t h e r e fo r e ,  
that U jib is  not a good  v a r ia b le  f r o m  w hich  to
d e te rm in e  the f low  and sed im en t  tra n s p o r t  c h a r a c t e r i s t i c s .
h. **  T h e se  c o n c lu s io n s  a re  un a ffected  by the g e o m e t r ic
standard  d ev ia tion , σ  , o f  the bed  sand in the range
g
investigated : σ^ = I. 11 to 1 .76 .
A t  a constant d is c h a rg e  the v e lo c i t y  and depth a r e  not independent 
o f  each  other but a r e  re la te d  by q = U d .  Thus C o n c lu s io n  N o. 3 im p lie s  
that fo r  a constant d is c h a rg e  the v e lo c i t y  or  sed im en t  d is c h a rg e  m ay  be 
used  as an independent v a r ia b le ;  e ither  of these quantities uniquely 
d e te rm in e s  the s lo p e ,  bed  f r i c t io n  f a c t o r ,  and bed  shear  v e lo c i t y  fo r  a 
g iv en  bed  m a te r ia l .
3 -2 .  V a r ia t io n  o f  F r i c t i o n  F a c t o r  and B ed  Shear
The v a r ia t io n  of s lo p e ,  bed shear  v e lo c i t y ,  and bed  f r ic t io n  
fa c to r  with m e a n  v e lo c i t y  a re  shown in F ig u r e  3 -1 .  In exam in ing this 
graph , it should  be  b o rn e  in m ind  that the data fo r  the run with a sand
*C o n c lu s io n  4g is b a sed  p r im a r i ly  on the e x p e r im e n ts  r e p o r te d  by Vanoni 
and B ro o k s  and w as f i r s t  stated  in the ir  r e p o r t  (2).
* * B ro o k s  o r ig in a l  e x p e r im e n ts  u sed  two d if fe re n t  sands: Sand No. I with 
D = 0. 145 m m  and σ = 1 . 1 1 ;  and Sand No. 2 with D = 0. 088 m m  and 
g g g 
σ  = I. 17. L a ter  in vest iga tion s  by V anoni and B ro o k s  (2) extended the 
g
range o f  σ to 1 .76 .
g
F ig .  3 -1 .  V a r ia t io n  of s lope ,  bed  shear  v e l o c i t y ,  and bed f r i c t i o n  
fa c to r  with m e a n  v e l o c i t y  and depth for  c o n s ta n t -d i s c h a r g e  e x p e r i ­
ments  ( q  = 0 . 5 0  c fs  per  ft).
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w ave , Run 3 -5 ,  a re  not as a c c u r a te  as the data fo r  the other runs, as 
w as d is c u s s e d  in S e c t io n  2 -1 .  F ig u r e  A - I  in the A p p end ix  show s a 
s im i la r  graph fo r  one set  o f  the con stan t-d ep th  runs o f  V anoni and 
B r o o k s  s u m m a r iz e d  in T able  A - I.
In F ig u r e  3- I it is se e n  that the bed f r i c t io n  fa c to r  in c r e a s e s  
f r o m  0. 086 to 0. 119 as the v e lo c i t y  in c r e a s e s  f r o m  0. 9 I to I. 14 fps . , 
c o r re s p o n d in g  to a d e c r e a s e  in depth f r o m  0. 550 to 0. 441 ft. With 
fu rth er  in c r e a s e  in v e lo c i t y ,  the bed  f r i c t io n  fa c to r  d e c r e a s e s  to 
0. 023 at a v e lo c i t y  of about 2. I fps . The in itia l in c r e a s e  o f  bed f r i c ­
tion fa c to r  with v e lo c i t y  fo r  this sand has been  o b s e r v e d  p r e v io u s ly  
by V anoni and B r o o k s  (2) f o r  depths in the range  0. 524 to 0. 553 ft, as 
shown in F ig u r e  A -  I, but not fo r  depths o f  a p p ro x im a te ly  0. 24 ft. Thus 
it ap p ea rs  that fo r  s o m e  depths there  ex is ts  a dune a rra n g e m e n t  w hich  
has a g r e a te r  rough ness  than the dune con figu ra t ion s  a s s o c ia t e d  with 
e ither  g r e a te r  or  s m a l le r  v e l o c i t i e s .  The m agnitude o f  the m a x im u m  
f r i c t io n  fa c to r  depends on the f low  depth. The m a x im u m  fb o b s e r v e d
by Vanoni and B ro o k s  in the ir  e x p e r im e n ts  at the la r g e r  f low  depths 
s u m m a r iz e d  in the lo w e r  p art  o f  T a b le  A - I  w as 0. 092 and o c c u r r e d  
at d =0. 549 ft and U = I. 22 fps . In the p r e s e n t  e x p e r im e n ts  the m a x i ­
m u m  bed  f r i c t io n  fa c to r  w as som ew h at  g r e a t e r ,  f b = 0. 119, and o c ­
c u r r e d  at a s m a l le r  depth, d = 0. 441 ft, but a p p r o x im a te ly  the sam e 
v e lo c i t y ,  U = I. 14 fps .
The im p ortan t  point to note is that in th ese  e x p e r im e n ts ,  the 
bed  f r i c t io n  fa c to r  v a r ie d  by a fa c to r  g r e a te r  than f ive  f r o m  0. 119 to 
0. 023; at h igh er  v e lo c i t ie s  f b m igh t have been  even lo w e r .  The v a r i ­
ation  in f w as due p r im a r i ly  to changes  in the rou gh n ess  o f  the bed
as its co n f ig u ra t io n  changed . A s the v e lo c i t y  was in c r e a s e d  above  a 
c e r ta in  va lue (about I. 2 fps fo r  these  e x p e r im e n t s )  the shape and 
a rra n g e m e n t  o f  the dunes changed  in such  a w ay that the rou gh n ess  of 
the bed  d e c r e a s e d .  W hen the bed b e c a m e  flat , the on ly  rou gh n ess  was 
that o f  the individual sand g rains and w as the i r r e d u c ib le  m in im u m . 
H o w e v e r ,  a s m a ll  fu rth er  d e c r e a s e  in the f r i c t io n  fa c to r  cou ld  have 
o c c u r r e d  at h igh e r  v e lo c i t ie s  with la r g er sed im en t  c o n ce n tra t io n s .  The 
suspended  sed im en t  ap p aren tly  m o d i f ie s  the turbu lence  s tru c tu re  o f  the
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f low  and th e re b y  re d u c e s  the f r i c t io n  fa c to r .  This e f fe c t  has been  d e ­
s c r ib e d  by V anoni and B r o o k s  (2) and V anoni and N o m ic o s  (8).
The la r g e  v a r ia t io n  in  the bed  f r i c t io n  fa c to r  has an im portant 
e f fe c t  on the r e la t io n  betw een  U and S , and betw een  U and U^b ·
A s shown in F ig u r e  3 -1 ,  fo r  a constant d is ch a rg e  the s lo p e  in c r e a s e s  with 
v e lo c i t y  throughout the dune r e g im e .  In the v e lo c i t y  range fo r  w hich  
the sand w ave is  the c h a r a c t e r is t i c  bed f o r m ,  the s lo p e  in c r e a s e s  s ligh tly  
and then d e c r e a s e s .  C on sequ en tly ,  an id en tica l  va lue  of s lo p e ,
S = O .  00198, w as o b s e r v e d  fo r  two d if fe re n t  runs: Run 3 -7  (U = 1 .4 5  fp s ,  
q = 2. 12 I b /m in - f t ,  dune bed) and Run 3 -6 a  (U = 2. 13 fp s ,  q = 2. 95
S S
I b /m in - f t ,  f la t  bed ). T h ese  two runs c o n f i r m ,  fo r  this sand and this 
unit d is c h a r g e ,  B r o o k s '  C o n c lu s io n  No. 4b that fo r  a g iven  d is ch a rg e  
and s lo p e ,  two d if fe re n t  v e lo c i t ie s  a r e  p o s s ib le .  S im i la r ly  two runs 
with d i f fe re n t  v e lo c i t i e s  and d if fe re n t  sed im en t  tra n s p o r t  ra tes  had 
n e a r ly  the s a m e  bed  shear  v e lo c ity :  Run 3 -4  with a dune bed  w h ich  had 
U = I. 14 fp s ,  q g = 0. 73 I b /m in - f t ,  and U ^  = 0. 139 fps ; and the flat
s e c t io n  o f  R un 3 -5  fo r  w h ich  U = 1 .97  fp s ,  q g = 3. 20 I b /m in - f t ,  and
U 3jtb = 0. 137 fps .
It should  be  noted  that B r o o k s '  C o n c lu s io n  No. 4b re ga rd in g  the 
m u lt ip l ic ity  o f  v e lo c i t y  as a function  o f  s lop e  fo r  constant d is c h a rg e  is 
va l id  only fo r  a c e r ta in  range  o f  v e lo c i t y  and a c o r re s p o n d in g  range  of 
s lo p e .  S in ce  this m u lt ip l ic i ty  is  a re su lt  of m a jo r  changes  in  the bed  
co n fig u ra t io n ,  two or  m o r e  va lues  o f  v e lo c i t y  fo r  a g iv en  s lo p e  can 
o c c u r  on ly  in  the ran ge  o f  U, and a s s o c ia t e d  range  o f  S , f r o m  
s ligh tly  le s s  than that at w h ich  the t ra n s it ion  f r o m  dunes to sand w ave  
o c c u r s  to s l igh t ly  g r e a te r  than the v e lo c i t y  at w h ich  the bed  c o n f ig u r a ­
tion  changes f r o m  sand w ave  to flat. F o r  the constant d is ch a rg e  
e x p e r im e n ts  r e p o r te d  h e r e ,  this range  o f  s lo p e  is  about S = O .  0020 
to 0. 0025. S im i la r ly ,  f o r  the con sta n t-d ep th  runs o f  V anon i and B ro o k s  
shown in F i gu re  A - I, U is a m u lt ip le -v a lu e d  function  of S fo r  s lo p e s  
betw een  about 0. 0010 and 0. 0012. The m u lt ip l ic ity  o f  U as a function  
o f  U^b fo r  a constant q noted  in the p r e s e n t  e x p e r im e n ts  and shown
in F i g ure  3 -1  is  a ls o  l im ite d  to  the range  o f  U and c o r re s p o n d in g  range 
o f  U ;,<b w h e re  m a jo r  changes in the bed  co n fig u ra t io n  o c c u r .
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Thus, f o r  the la b o r a to r y  s tr e a m , the v e lo c i ty  fo r  a constant 
d is c h a rg e  cannot, in g e n e ra l ,  be e x p r e s s e d  as a s in g le -v a lu e d  function  
o f  s lope  o r  bed  shear  v e lo c i t y .  H o w e v e r ,  each  o f  the quantities S,
U5,. b> and fb can be e x p r e s s e d  as a s in g le -v a lu e d  function  o f  the
v e lo c i t y ,  o r  in the ca se  o f  these constant d is ch a rg e  runs, as a function  
o f  the depth. This is co n s is te n t  with B r o o k s ’ C on c lu s io n  N o. 3.
F o r  v e lo c i t ie s  betw een  about 1 .4 5  and 2. I fps the nature o f  the 
va r ia tion s  o f  S, Usjsb, and fb is  o b s c u r e d  by the sand w aves  w hich
fo r m e d .  T h ere  is s o m e  question  o f  w hether u n ifo rm  eq u il ib r iu m  flow s  
o v e r  a sand o f  this s ize  can even  e x is t  at these  in term ed ia te  v e lo c i t i e s .  
W hen the quantity o f  w ater  in the flum e w as set  to y ie ld  a v e lo c i t y  b e ­
tw een  1 .4 5  and 2. I fps a sand w ave w ould  f o r m ;  the depth o v e r  the flat 
bed  s e c t io n  w ou ld  be l e s s  than d e s ir e d ,  w hile  o v e r  the dune s e c t io n  the 
f low  w as d e e p e r ,  with the a v e ra g e  o f  the two se c t io n s  y ie ld in g  a p p r o x i ­
m a te ly  the d e s ir e d  depth. This was ex a ct ly  the ca se  in Run 3-5  fo r  
w h ich  the am ount o f  w ater  w as ad justed  to give  a v e lo c i t y  o f  1 .6 7  fps 
and an a v e ra g e  depth o v e r  the f lum e length o f  0. 30 ft.
A s exp la in ed  in S ection  2 -1 ,  no runs w e re  c a r r ie d  out at 
v e lo c i t i e s  h igh er  than about 2. 2 fps b e ca u s e  o f  the la rg e  s u r fa ce  w aves  
that f o r m e d .  The re su lts  o f  Vanoni and B r o o k s ’ e x p e r im e n ts  indicate  
that with in c r e a s in g  v e lo c i t y  the b e d  f r ic t io n  fa c to r  w ould  have re m a in e d  
p r a c t i c a l ly  constant and the s lope  and sh ear  v e lo c i t y  w ou ld  have in ­
c r e a s e d  a c c o r d in g ly .
The b ed  sh ear  v e lo c i t y ,  U*b> v a r ie d  f r o m  a m in im u m  o f
0 .0 9 5  fps to a m a x im u m  o f  0 .1 5 3  fps , a fa c to r  o f  on ly  I . 61 . The m a x i ­
m u m  fb w as o v e r  five  t im e s  g re a te r  than the m in im u m , and the s lope
v a r ie d  by a fa c to r  o f  a p p ro x im a te ly  fou r  in the v e lo c i t y  range in v e s t i ­
gated . This  c o m p a r is o n  supports  B r o o k s '  C on c lu s io n  N o. 4g that Usjsb
is the le a s t  s e n s it iv e  p a r a m e te r  that can be used  to d e te rm in e  the h y ­
d rau lic  and tra n s p o r t  c h a r a c t e r i s t i c s  o f  a f low .
The change in bed  con fig u ra t io n  f r o m  dunes and flat bed  o c c u r r e d
at a va lue o f  f, / f l  betw een  2. 05 and 3. 30; the exa ct  va lue is o b s c u r e d  b b
by the sand w ave. T a y lo r  and B r o o k s  (4) have an a lyzed  the f lu m e data o f  
v a r io u s  in v e s t ig a to rs  and found that the tran s it ion  f r o m  dunes to flat bed
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u sua lly  o c c u r s  at a p p ro x im a te ly  fb / f 'b  = 2 .0 .
3 - 3 . S ed im ent T r a n s p o r t R a t e
In F ig u r e  3 -2  va lues  o f  sed im en t  d is ch a rg e  con cen tra t ion ,
C = q /q ,  a r e  p lotted  aga inst  m ean  v e lo c i ty .  C o rre s p o n d in g  va lues  of
the sed im en t  d is c h a rg e  p e r  unit w idth , q , a r e  shown on the ord inate
s c a le  at the r ight  o f  the f ig u re .  The w ater  te m p e ra tu re  during the run 
is noted  by each  point.
A fte r  Run 3 -4  w as c o m p le te d ,  a h ea ter  w as in sta lled  on the flum e 
to c o n t r o l  the w a ter  te m p e ra tu re .  F o r  Run 3 -5  and s u c c e s s iv e  runs the 
w a te r  te m p e ra tu re  w as m ainta ined  at a p p ro x im a te ly  25 °C , w h ich  w as 
a ls o  the te m p e ra tu re  fo r  m o s t  o f  the runs re p o r te d  by V anoni and B ro o k s  
(2). Runs 3 -1 ,  3 -2  and 3 -4  w e r e  p e r fo r m e d  b e fo r e  the heater  w as in ­
s ta lled  and had som ew h at lo w e r  te m p e ra tu re s .
This  te m p e ra tu re  change is no doubt r e s p o n s ib le  fo r  the apparent 
d iscontinu ity  in the v e l o c i t y - sed im en t  co n ce n tra t io n  re la t io n  betw een  
Run 3 -2  (U = I. 35 fp s ,  C = I. 42 g m /1 ,  T = 18. 4°C ) and Run 3 -7  
(U = I. 45 fp s ,  C = 1. 13 g m /1 ,  T = 25. 1 °C ). The re su lts  o f  e x p e r i ­
m ents by N o m ic o s  re p o r te d  by Vanoni and B ro o k s  (2) and s u m m a r iz e d  
in T ab le  A - 2  o f  the A p p en d ix  show that fo r  a constant d is c h a r g e ,  C and 
q g e n e ra l ly  d e c r e a s e  w ith in cre a s in g  te m p e ra tu re .  The drop  in C
betw een  Run 3 -2  and Run 3 -7  is o f  the m agnitude that N o m i c o s 1 e x p e r i ­
m ents w ou ld  in d ica te .  T h e r e fo r e ,  to put all t ra n s p o r t  data on a quanti­
ta tive ly  c o m p a r a b le  b a s is ,  the co n cen tra t ion s  and sed im en t  d is c h a rg e s  
fo r  the th ree  lo w e s t  v e lo c i t y  runs should be re d u ce d  about 25 to 35 
p e rce n t .
W ith this ad justm ent (not shown), F ig u re  3 -2  in d ica tes  that C 
and q a r e  s in g le -v a lu e d  functions  of v e lo c i ty  fo r  this constant d is ch a rg e
and that as the v e lo c i t y  is in c r e a s e d ,  these  quantities a lso  in c r e a s e .
This is co n s is te n t  w ith  B r o o k s '  C o n c lu s io n  No. 4a that f o r  a constant d i s ­
ch a rg e  an in c r e a s e  in q g r e q u ir e s  a d e c r e a s e  in d. H o w e v e r ,  this
u n ifo rm  in c r e a s e  o f  q with U, and the in itia l in c r e a s e  o f  f, w ith U
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F ig .  3 -2 .  V a r ia t io n  o f  sed im en t  d is ch a rg e  co n ce n tra t io n  and sed im ent 
tra n sp ort  rate  with m e a n  v e lo c i t y  and depth fo r  constant d is ch a rg e  e x ­
p e r im e n ts  ( q = 0. 50 c fs  p e r  ft).
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d is c u s s e d  in S e c t io n  3 -2 ,  co n tra d ic t  B r o o k s '  C o n c lu s io n  4d that fo r  a 
g iven  q, the la r g e s t  va lues  of fb a re  a s s o c ia te d  with the l o w e s t v a lu e s
of q .
^1S
The con sta n t-d ep th  exp e r im e n ts  o f  V anoni and B ro o k s  (2) and 
those  o f  K ennedy (3) have shown that fo r  v e lo c i t ie s  in the flat bed  and 
antidune r e g im e s ,  C and q g in c r e a s e  m o n o to n ica l ly  with U. This
ind ica tes  that i f  runs with h igh er  v e lo c i t ie s  cou ld  have been  m ade in the 
p re se n t  se t  o f  e x p e r im e n ts ,  the sed im en t  d is c h a rg e  c o n ce n tra t io n  w ould  
have continued  to in c r e a s e  with v e lo c i ty .  Thus the above  co n c lu s io n  
that U uniquely  d e te rm in e s  C fo r  a constant q is p ro b a b ly  g e n e ra l ly  
true fo r  h ig h er  v e lo c i t i e s  a ls o .
3 -4 .  C o m p a r is o n  w ith R e s u lts  f r o m  other In vestigations
The va lues  o f  C and q fo r  Runs 3 -6 ,  3 -6 a ,  and 3 - 6b do nots
a g r e e  at a ll w e l l  even  though th ese  runs had n e a r ly  id en tica l  depths, 
v e l o c i t i e s ,  and te m p e ra tu re s  and each  had a flat bed . F u r th e r ,  the 
s u m m a ry  g iven  in T ab le  3 -1  o f  other e x p e r im e n ts  w h ich  had n e a r ly  the 
sa m e  depth and v e lo c i t y  as Runs 3 -6  show s a g e n e ra l  la ck  o f  a g re e m e n t  
in the t r a n s p o r t  data (C olum ns 13 and 14). S om e  of  the apparent d i s ­
c r e p a n c ie s  can  be l o g ic a l ly  exp la ined . F o r  e x a m p le ,  in N o m i c o s 1 Runs 
D^, A , D , and D^, a ll  o f  w h ich  u sed  the sa m e  bed  m a te r ia l  and w e r e
p e r fo r m e d  c o n s e c u t iv e ly ,  the sed im en t  d is c h a rg e  ra te  g e n e ra l ly  in c r e a s e s  
with d e c re a s in g  te m p e ra tu re ,  as w ou ld  be exp ec ted .  S im i la r ly ,  the 
la r g e  se d im e n t  d is c h a r g e  rate  o f  N o m i c o s 1 Run I, c o m p a r e d  to other runs
with n e a r ly  the sa m e  T and D , is due to a g r e a te r  av a ila b i l i ty  o f  f in e r ,
g
m o r e  e a s i ly  t r a n s p o r te d  m a te r ia l  in the bed  sand b e c a u s e  o f  the m uch
la r g e r  standard  d ev ia t ion  o f  its s iz e  d istr ibu tion ; this a ls o  has the e f fe c t
o f  low erin g  the D o f  the sed im en t  load . The la r g e  q o f  B r o o k s '  Runs 
g
21 and 21a is a ttr ibu tab le  to the s m a l l  s iz e  o f  the bed  m a te r ia l .
O ther apparent d is c r e p a n c ie s  can  be exp la in ed  by a c o m p a r is o n  of 
the t ra n s p o r t  ra tes  o f  the d i f fe re n t  sand s i z e s .  F o r  e x a m p le ,  the la rg e  
d is c r e p a n c y  betw een  the va lues  o f  C and q g f o r  Runs 3 -6 ,  3 -6 a ,  and
3 - 6b o f  this in v est iga t ion  and V anon i and B r o o k s  Run 2 -2  w as p r im a r i ly  
due to the s ligh t  c o a r se n in g  o f  the bed  m a te r ia l  d is c u s s e d  in S e c t io n  1 -3 .
T A B L E  3-1
SU M M AR Y O F RESU LTS O F E X PE R IM E N TS BY AU TH O R AN D  O TH E R  INVESTIG ATO RS 
Depth = 0. 228 to  0. 252 ft  V e lo c ity  = 2. 04 to 2. 21 fps
* The 6 0 - fo o t  lon g  flu m e is  show n in F ig u re  1 -1 .
The 4 0 - fo o t  long flu m e is  10. 5 in ch es  w id e .
* *  T h is run a ls o  su m m a rize d  in  T ab le  A - I  o f  the A ppend ix .
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In T a b le  3 -2  the t r a n s p o r t  rate  o f  the individual s ie v e  fra c t io n s  a re  tabu­
lated  fo r  Runs 3 - 6a and 2 -2 .  The cu m u lat ive  t r a n s p o r t  ra tes  o f  the 
m a te r ia l  c o a r s e r  than each  s ie v e  s iz e  a r e  a ls o  shown. F o r  the m a te r ia l  
c o a r s e r  than the 0. 124 m m  s ie v e  the d i f fe r e n c e s  in  the t ra n sp o r t  rates  o f  
the individual s ie v e  f ra c t io n s  a re  in s ign if ica n t  in v iew  o f  the te m p e ra tu re  
d i f fe r e n c e  betw een  the tw o ru n s ,  but fo r  the f in er  s ie v e  f ra c t io n s  the 
d i f fe r e n c e s  a re  s tr ik in g .  F o r  each  o f  these  f in er  s ie v e  f r a c t io n s ,  s ig n i f i ­
cantly  m o r e  m a te r ia l  w as t ra n s p o r te d  in Run 2 -2  than in  Run 3 - 6a. This 
w as b e ca u se  o f  the g r e a te r  a v a ila b i l i ty  o f  f ine  m a te r ia l  in the bed  sand of 
Run 2 -2 ,  as shown in the c o m p a r is o n  o f  the s ie v e  a n a lyses  of the bed 
m a te r ia ls  in T ab le  1-1 and F ig u r e  1 -2 .  The g e o m e t r ic  m ean  s ie v e  d ia m e te r ,
D , o f  the t ra n s p o r te d  m a te r ia l  o f  Run 2 -2  is a c c o r d in g ly  m uch  s m a l le r
g
and the g e o m e t r i c  s tandard  de iva t ion , σ  , is la r g e r  due to the ex ten s ion
g
o f  the f r e q u e n c y  d is tr ib u t io n  tow a rd  the s m a l le r  s i z e s .
T h e se  two e x p e r im e n ts  point out the im p ortan t  e f fe c t  the sand 
s iz e  d is tr ib u t io n  has on the se d im e n t  t r a n s p o r t  rate  o f  the f lo w , and thus 
the n e c e s s i t y  o f  a c c u r a t e ly  knowing the s iz e  d is tr ib u t ion  o f  the bed 
m a te r ia l  in  an a lyz in g ,  in te rp re t in g ,  and co m p a r in g  the tra n s p o r t  data 
fo r  s e d im e n t - la d e n  f lo w s .
The on ly  exp lanation  o f fe r e d  fo r  the d is c r e p a n c ie s  in C and
betw een  c o n s e c u t iv e  runs o f  the sa m e  in v est ig a t ion ,  such  as Runs 3 -6 ,
3 -6 a ,  and 3 - 6b o f  this in v est iga tion ,  and N o m i c o s ' Runs A  and in v o lves
the fa c t  that fo r  this depth, v e lo c i t y ,  and sand s i z e ,  the f low  is ju s t  
outs ide the h igh ly  unstable  sand w ave  r e g im e .  It is p o s s ib le  that an 
instab il ity  s im i la r  to a sand w ave  e x is te d  in  th ese  runs so  that although 
the bed  a p p e a re d  flat e v e r y w h e r e ,  the f low  w as d e e p e r  in  one s e c t io n  than 
another and the se d im e n t  d is c h a r g e  rate  w as not constant a long the length 
o f  the f lu m e .  The bed  p r o f i le s  f o r  th ese  runs ne ith er  p r o v e d  nor d is p r o v e d  
this sp ecu la tion .  The bed  p r o f i le s  o f  K en n ed y 's  Runs 4 -1  and 4 -1 9  gave 
a s tron g  in d ica t ion  that sand w aves  w e r e  p r e s e n t ,  and in V anon i and 
B r o o k s '  Run 2 -2  a sand w ave w as actu a lly  o b s e r v e d .  I f  an instab il ity  
w as p r e s e n t ,  the m e a s u r e d  C w ould  have depended  on the p o s it io n  o f  
the sand w ave with r e s p e c t  to the end o f  the fIum e w h e re  the sa m p les  w e r e  
taken and this w ou ld  a ccou n t  fo r  the d i f f e r e n c e s .
T a b le  3 -2
T r a n s p o r t  R ate  of  Individual  S i e v e  F r a c t i o n s
Run 2 -2 Run  3 -6 a
Vanoni  and B r o o k s Ken ned y
A n a ly s i s  of  
S e d im e n t  L o a d Dg = 0 . 0 95 D g = 0 . 1 27 
σg = 1.60 σg = 1.41
Bed  F r i c t i o n  F a c t o r fb = 0 . 0 2 4  fb = 0 . 0 23
T e m p e r a t u r  e T = 23 . 5 ° C T = 25 . 7 °C
S ieve
Opening
P e r c e n t
R eta ined
S ed im ent  
D i s c h a r g e  of  
S i e v e  F r a c t i o n
C um ula t iv e  
D i s c h a r g e  of  
C o a r s e r  
M a te r ia l
P e r c e n t
R e ta in e d
S ed iment  
D i s c h a r g e  o f 
S i e v e  F r a c t i o n
C u m u la t iv e  
D i s c h a r g e  o f  
C o a r s e r  
M a t e r ia l
m m lb /  m i n - f t l b / m i n - f t lb /  m i n - f t l b / m i n - f t
0. 246 0 .9 1 0. 04 0. 04 2. 80 0. 08 0. 08
0. 208 2. 28 0. 11 0. 15 4. 91 0. 14 0. 22
0. 175 4. 02 0. 19 0. 34 7. 61 0. 22 0. 44
0. 147 10. 79 0. 50 0. 84 18. 76 0. 55 0 .99
0. 124 11.93 0. 55 I. 39 17. 87 0. 53 I. 52
0. 104 20. 22 0. 94 2. 33 23. 15 0. 68 2. 20
0. 088 8. 04 0. 37 2. 70 10. 41 0. 31 2. 51
0. 074 15. 61 0. 73 3. 43 9. 42 0. 28 2. 79
0. 061 9. 39 0. 44 3. 87 2. 30 0. 07 2. 86
0. 053 4. 47 0. 21 4. 08 I. 89 0. 06 2. 92
0. 043 6. 42 0. 30 4. 38 0. 67 0. 02 2. 94
Pan 5. 92 0. 28 4. 66 0. 21 0. 01 2. 95
Sum 100 .00 4. 66 -  - 100 .00 2. 95 - - 27
28
Although  s o m e  o f  the t r a n s p o r t  data in T able  3 -1  a r e  at v a r ia n c e ,  
the va lues  o f  f r i c t io n  fa c to r  fo r  runs w h ich  had bed  m a te r ia l  with
a p p r o x im a te ly  the sa m e  D a r e  in v e r y  g o o d  a g re e m e n t .  The f r ic t io n
g
fa c to r s  f o r  K e n n e d y 's  Runs 4 -1  and 4 -1 9  a re  s l i ghtly  la r g e r  than the
oth ers  due to the la r g e r  D o f  the bed  m a te r ia l  w h ich  gave  a rou gh er
g
s u r fa c e .  S im i la r ly ,  B r o o k s '  Runs 21 and 21a had lo w e r  va lue  o f  fb due
to the s m a l l  s iz e  o f  the bed  m a te r ia l .  Thus the e f fe c t ,  i f  any, o f  the
v a r ia n c e s  in the sed im en t  t r a n s p o r t  ra tes  and changes  in σ  and T on
g
the f r i c t io n  fa c to r  w e r e  not s ig n if ica n t  in th ese  e x p e r im e n ts ,  and the 
r e p ro d u c ib i l i ty  o f  fb w as e x ce l le n t .  F u r th e r ,  the width o f  the flum e
ap p ears  to have no m e a s u r a b le  e f fe c t  on fb>
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C H A P T E R  4
S U M M A R Y  AND CONCLUSIONS
The p r e se n t  e x p e r im e n ts  c o r r o b o r a t e ,  fo r  this sand and unit 
d is c h a r g e ,  B r o o k s '  C o n c lu s io n  No. 4b (se e  S e c t io n  3 -1 )  that fo r  a 
g iven  s lo p e  and d is c h a r g e ,  two d if fe re n t  depths o f  f low  a r e  p o s s ib le .
This c o n c lu s io n  is v a l id ,  h o w e v e r ,  on ly  fo r  s lo p e s  in the range w h ere  
m a jo r  changes  in  the bed  con fig u ra t ion  o c c u r .  It w as a ls o  found that 
fo r  a constant d is c h a r g e ,  the v e lo c i t y  cannot in g e n e ra l  be e x p r e s s e d  as a 
s in g le -v a lu e d  function  o f  sh ear  v e lo c i t y .  H o w e v e r ,  in  the range  in v e s ­
t igated , i f  the v e lo c i t y  is used  as the independent v a r ia b le ,  the s lo p e ,  
bed  f r i c t io n  fa c t o r ,  and bed  sh ear  v e lo c i t y  a re  uniquely d e term in ed ; i. e. , 
they a r e  s in g le -v a lu e d  functions  o f  v e lo c i ty .
F o r  these  runs at a constant d is c h a r g e ,  an in c r e a s e  in the 
sed im en t  d is c h a r g e  r e q u ir e d  an in c r e a s e  in the v e lo c i t y ,  and a c o r r e s ­
ponding d e c r e a s e  in the depth. This is in a g re e m e n t  w ith B r o o k s '  C o n ­
c lu s io n  N o. 4a. The re su lts  o f  th ese  e x p e r im e n ts  qua lify  B r o o k s '  C o n ­
c lu s io n  N o. 4d that the la r g e s t  bed  f r i c t io n  fa c to r s  a re  a s s o c ia t e d  with 
the s m a l le s t  s e d im e n t  t r a n s p o r t  r a te s ,  b e ca u s e  with in c r e a s in g  v e lo c i t y ,  
the bed  f r i c t io n  fa c to r  f i r s t  in c r e a s e d  s l igh t ly ,  then d e c r e a s e d .  H o w ­
e v e r ,  the sed im en t  d is c h a rg e  in c r e a s e d  s tea d ily  with in c r e a s in g  v e lo c i ty .
The bed  sh ear  v e lo c i t y ,  U 5,<b> chang ed m uch  le s s  than e ither
the bed f r i c t io n  fa c to r  or  the s lo p e  as stated  in B r o o k s '  C o n c lu s io n  4g; 
thus it ap p ears  that U ^  is not a good  p a r a m e te r  f r o m  w hich  to  d e te rm in e
h y d rau lic  and s e d im e n t  t r a n s p o r t  c h a r a c t e r i s t i c s  o f  a f low .
A  c o m p a r is o n  o f  the re su lts  f r o m  the c u rre n t  ex p er im en ts  and 
the e x p e r im e n ts  o f  other in v e s t ig a to rs  show ed  that even  v e r y  s light 
changes in the s iz e  d is tr ib u t io n  o f  the bed  m a te r ia l  can  have a s ign if ican t  
e f fe c t  on the se d im e n t  d is c h a r g e  rate  and the s iz e  d is tr ib u t ion  o f  the 
t ra n sp o r te d  m a te r ia l .  The e f fe c t ,  i f  any, o f  the g e o m e t r ic  standard  
d ev ia t ion  o f  the bed  m a te r ia l  on the f r i c t i o n  fa c to r  is m u ch  s m a l le r .
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A P P E N D IX
R E L A T E D  F L U M E  D A T A  R E P O R T E D  BY VANONI AND BROOKS (R ef .  2)
A  s u m m a ry  o f  the data f r o m  s o m e  p re v io u s  f lum e e xp er im en ts  
w hich  a r e  c ited  in the text is  p r e se n te d  h e r e  fo r  the co n v e n ie n ce  o f  the 
r e a d e r .  Table  A - I  g iv e s  the data f r o m  the two groups  of con stan t-d ep th  
e x p e r im e n ts  p e r fo r m e d  by V anoni and B r o o k s  using the sa m e  sand and 
flu m e as the p r e s e n t  study. In F ig u r e  A - I, the s lo p e ,  bed  shear  v e lo c i t y ,  
and bed  f r i c t io n  fa c to r  fo r  one group  of these runs a r e  shown p lotted  
aga inst  m e a n  v e lo c i t y .  Table  A - 2 p re se n ts  the data f r o m  N o m ic o s '  
v a r ia b le - t e m p e r a t u r e  e x p e r im e n ts  in the 4 0 - fo o t  long , 10. 5 - in ch  w ide  
f lu m e.
T A B L E  A - I
S U M M A R Y  O F  C O N S T A N T -D E P T H  E X P E R I M E N T S  B Y  V A N O N I A N D  B R O O K S  ( R e f .  2)
S a n d  C h a r a c t e r i s t i c s :  D = 0 . 1 3 7  m m  σ  = 1 .38  
g g
* D Dune section in runs with a long sand wave.
* F Flat section in runs with a long sand wave, 
s.w. Sand wave(s) in system.
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F ig .  A - I. V a r ia t io n  of s lo p e ,  hed shear  v e lo c i t y ,  and bed f r ic t io n  fa c to r  
with m ean  v e lo c i t y  fo r  one group  o f  V anoni and B ro o k s  (2) constant-depth  
e x p e r im e n ts .  See Table  A - I  fo r  data.
T A B L E  A - 2
S U M M A R Y  O F  V A R I A B L E - T E M P E R A T U R E  E X P E R I M E N T S  B Y  N O M IC O S ( R e f .  2)
S a n d  C h a r a c t e r i s t i c s :  D = 0 . 145 m m  σ = I .  30 
g g
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SU M M A R Y  OF N O TATIO N
A = c r o s s  se c t io n a l  a re a  o f  the s tre a m .
‾C = sed im en t  d is c h a rg e  c o n ce n tra t io n  = q s / q .
d = depth o f  flow .
Dg
f
=
=
g e o m e t r i c  m e a n  s ie v e  d ia m e te r .  
D a r c y -W e is b a c h  f r i c t io n  fa c to r  fo r  channel = 8 (U*/U)2. 
f b
f r i c t i o n  fa c to r  fo r  bed  s e c t io n  only ca lcu la te d  f r o m  s id e -w a l l
c o r r e c t i o n  p r o c e d u r e  = 8 (U*b/U)2.
f 'b
f r i c t i o n  fa c to r  d e te rm in e d  f r o m  p ip e - f r i c t i o n  d ia g ra m  using 4 r b 
in p la c e  o f  the p ipe d ia m e te r  as the c h a r a c t e r is t i c  length and Dg 
as the equ iva lent sand ro u g h n e ss .
F = F r o u d e  nu m ber  = U/√gd.
g = gra v ita t ion a l  a c c e le r a t io n .
p = w etted  p e r im e t e r  o f  the s tre a m .
q = d is c h a rg e  p e r  unit width = U d.
q s
= total s e d im e n t  d is c h a rg e  rate  p er  unit width.
Q = total d is c h a r g e .
r = h y d ra u lic  rad ius  = A /p .
r b = h y d ra u lic  rad ius  o f  the bed  s e c t io n  ca lcu la te d  f r o m  s id e -w a l l  
c o r r e c t i o n  p r o c e d u r e .
S = s lo p e  o f  e n e rg y  grad e  line.
T = w ater  te m p e ra tu re .
U = m e a n  v e lo c i t y  = Q /A .
U* = sh ear  v e lo c i t y  fo r  w hole  channel = √ grS.
U *b = sh ea r  v e lo c i t y  fo r  bed  s e c t io n  only = √ g r bS.
σg = g e o m e t r i c  standard  d ev ia t ion  o f  sand s iz e  d istr ibu tion .
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